I. INTRODUCTION Electromagnetic characterization of the aircraft structures is an important part of the computeraided engineering simulations, since composite materials are extensively used in aeronautical applications. For this reason, an accurate definition of the materials electromagnetic properties [1] , especially non-metallic composite materials, becomes essential to achieve high reliability in the numerical analysis, which contributes considerably to the aircraft development. Furthermore, the possibility of installing antennas under these materials is a reality, since the number of wireless systems and radars has been increased in the last years. This work presents an electromagnetic characterization of fiberglass and honeycomb composite materials used in airframe structures. The manuscript is structured in five sections. Section II describes the material characterization based on two uncalibrated S-parameters iterative methods, namely: Air-region method and Sample-shifted method. Section III presents the material characterization results, whereas the performance analysis of two commercial antennas embedded onto a real-size dorsal fin is reported in Section IV. Conclusions and future works are highlighted in Section V.
II. COMPOSITE MATERIAL ELECTROMAGNETIC CHARACTERIZATION
Material characterization methods are categorized into resonant and non-resonant methods. The non-resonant methods are preferred for applications with broadband frequency characterization, besides requiring less sample preparation than resonant methods [2] . In contrast, resonant methods have better accuracy and sensitivity when compared to non-resonant ones, but it suffers from narrow bandwidth results and sample preparation procedures [3] . Additionally, characterization methods can be categorized into calibration-dependent and calibration-independent methods. The well-known approaching zero, or phase uncertainties, when samples thickness are integer multiples of one-half wavelength [6] . Different approaches have been proposed to overcome NRW drawbacks. Boughriet et al. introduced effective permittivity and permeability parameters concept [7] ; Barker-Javis et al.
proposed an iterative procedure with non-magnetic material assumption [8] ; Chalapat et al. combined
NRW method and Barker-Jarvis technique into an explicit and reference-plane invariant methodology [9] ; and so forth.
There is a growing trend in calibration-independent methods due to its advantages of eliminating calibration standards imperfections and reducing the overall measurement time [10] . These methods typically evaluate the material complex permittivity based on different measurement steps and iterative approach, such as: different sample lengths with and without error-correction, as described in [11] and [12] , respectively. In [13] is proposed a two-measurement step technique with a shifted and unshifted sample inside a measurement cell. Sample-shifted method presented in [10] can overcome imprecise sample position problem present in [13] . An extra cell insertion approach between measurement cell extremities is reported in [2] , and an improved method with extra cells lengths manipulation to avoid singularities issues is shown in [3] .
We have applied two different methods for determining the composite materials complex permittivity. First, a method base on air region insertions between the material under test (MUT) and a second with sample-shifted measurements. These methods concepts and calculation procedure are described below.
A. Air-region method
In Fig. 2 is presented the air-region method setup, which is composed by the following pieces: two It is assumed that only the dominant mode (TE 10 ) is guided through the waveguide measurement cell. The measurement setup is mathematically modeled using the wave cascading matrix (WCM) method [10] [11] [12] . The two ports of WCM matrices are defined as T X , T Y , T 01 to T 04 and T L for transitions X and Y, air region waveguide section and sample-filled waveguide section, respectively. Fig. 2 describes the measurement steps by the following two-port WCM matrices:
where M a and M b correspond to the measurements steps (a) and (b), respectively. The WCM matrices and measured uncalibrated S-parameters are related by [12] 
where subscripts a and b represent the measurements steps. The air region sections are considered isotropic and nonreflecting line with WCM matrix defined by:
In (3), γ 0 is the air-filled waveguide propagation constant, λ 0 is free-space wavelength and λ c is the cut-off wavelength. Now, considering a MUT with isotropic and reciprocal properties, the T L theoretical two-port S-parameters can be written as [10] :
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for simplification purpose, we defined the symbols Λ 1 , Λ 2 and Λ 3 . The first reflection (Γ) and transmission (Τ) coefficient of sample-filled measurement cell are expressed by:
where γ is sample-filled waveguide propagation constant and ε is the MUT complex permittivity. The matrices T X , T Y , T 01 and T 02 will be eliminated during the calculation procedure and their expressions can be omitted. A relation between the two measurements steps can be defined using (1), then the following expression can be derived:
and have same trace [14] . Matrix trace is defined in a square matrix as the sum of diagonal elements.
Therefore, an expression that relates theoretical and measured S-parameters can be derived by combining (3), (4) and similar matrices trace in (6) to determine MUT complex permittivity.
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where Tr is the matrix trace operator. The MUT complex permittivity can be evaluated iteratively by solving (7) and (5) using any two-dimensional numerical method [15] .
B. Sample-shifted method
The sample-shifted method is also based on uncalibrated S-parameters, two-steps measurement setup and iterative calculation procedure for complex permittivity estimation. Firstly, the sample is positioned in the leftmost measurement cell and S-parameters are extracted for step (a). After, the sample is shifted to the rightmost measurement cell and S-parameters extraction repeated for step (b).
In Fig. 3 is shown the sample-shifted setup with measurement steps highlighted. The MUT installed inside measurement cell must fulfill waveguide transversal section to avoid air gap regions between them, resulting in permittivity determination uncertainties [6] . One more time, it is assumed that only TE 10 mode is guided through the measurement cell. The WCM matrices in Fig. 3 are described 
where T X and T Y represent waveguide to coax transition, T L the sample-filled waveguide section and T G the air-region section (empty waveguide). The relation between the WCM matrices and measured raw S-parameters are presented in (2) . For a measurement cell with isotropic and nonreflecting proprieties, the WCM matrix can be written as:
where γ 0 is the air-filled waveguide propagation constant defined in (3). The sample-filled waveguide section theoretical matrix T L is identical to the defined in air-region method (4) and first reflection and transmission coefficient equal to (5) . The WCM matrices of waveguide to coax transitions T X and T Y will be eliminated during the calculation procedure.
Similar to air-region method, WCM matrices in (8) are combined in the following way: Step (a)
Step (b) where T Y is eliminated. According to (10) ,
are similar matrices and have the same trace. Combining (9), (4) and similar matrices trace in (10), theoretical and measured Sparameters can be related by: (11) using (11) and (5), the MUT complex permittivity is determined by any two-dimensional numerical method.
III. COMPOSITE MATERIAL CHARACTERIZATION
The composite material electromagnetic characterization was performed for the L-band (0.96 to thick. In sample-shifted method, only three sample holders are used, resulting in a measurement cell L g equal to 24mm. In the L-band FGC characterization, only sample shifted method is used. In this case, five sample holders are employed, resulting in a 60mm longer measurement cell. Calibration independent methods determine MUT complex permittivity solving iteratively their objective functions. A Nelder-Mead simplex algorithm (as implemented in the Matlab routine fminsearch) is used to solve (7) for air-region method and (11) for sample-shifted method, with the purpose of obtaining the MUT complex permittivity. In aircraft structures, the pure FGC material as presented in Fig. 5 is not generally used. In fact, the composite material undergoes to an adequacy process for aircraft operation requirements. Thus, the FGC is painted with a compound made of ink and substances as mica, varnish and others. For comparison purposes, pure FGC samples are painted with a composite ink as shown in Fig. 8 and characterized using sample shifted method in the L-and C-band. Again, sample shifted method is implemented with three sample holders for C-band and five sample holders for L-band, resulting in a 24mm and 60mm measurement cell, respectively. The painted FGC samples presented in Fig.8 suffer from dimensions' imperfections and do not accommodated perfectly to the sample holder, which can result in complex permittivity determination uncertainties [6] . 
B. Honeycomb
Honeycomb is another dielectric material used in aircraft structures. As illustrated in Fig. 11 , honeycomb is composed by some layers of fiberglass and air gaps. These samples are 7.65mm thick with transversal dimensions equal to WR-770 and WR-229 sample holders.
The C-band characterization is conducted for sample-shifted and air-region methods. For the first, three sample holders are employed for measurement cell implementation and five sample holders for air-region method, as applied for FGC characterization. The honeycomb C-band results are presented in Fig. 12 . The dielectric constant varies from 1.7 to 2.0 with an average value of 1.9 for air-region method, whereas sample-shifted result is 1.7. For loss tangent, the obtained average values for airregion and sample-shifted method are 0.059 and 0.065, respectively. 
